
Stefano Gariazzo
IFIC, Valencia (ES)

CSIC – Universitat de Valencia

gariazzo@ific.uv.es
http://ific.uv.es/~gariazzo/

Neutrino clustering in the Milky Way
Based on arxiv:170(6|7).[0-9]{5}
In collaboration with P. F. de Salas,
J. Lesgourgues, S. Pastor

20/06/2017 - WIN2017 - UCI Irvine

gariazzo@ific.uv.es
http://ific.uv.es/~gariazzo/


1 Cosmic neutrino background and neutrino clustering
Neutrinos in the early universe
PTOLEMY
Neutrino clustering

2 Matter distributions in the Milky Way
Dark Matter
Baryons

3 The local neutrino overdensity
Results for (nearly) minimal neutrino masses
Results for non-minimal neutrino masses: 150 meV

4 Conclusions



1 Cosmic neutrino background and neutrino clustering
Neutrinos in the early universe
PTOLEMY
Neutrino clustering

2 Matter distributions in the Milky Way
Dark Matter
Baryons

3 The local neutrino overdensity
Results for (nearly) minimal neutrino masses
Results for non-minimal neutrino masses: 150 meV

4 Conclusions



History of the universe

CMB
BBN

neutrino decoupling CνB

at T ∼ O(MeV)
due to insufficient

νe ↔ νe & e−e+ ↔ νν̄

Tν ' (4/11)1/3Tγ
after e−e+ annihilation

Tν,0 = 1.945 K '
1.676 × 10−4 eV

〈Eν〉 ' 3.1Tν,0 '
5 × 10−4 eV

n0 = nν,0 = nν̄,0 '
56 cm−3 per family
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History of the universe

CMB
BBN

neutrino decoupling CνB

at T ∼ O(MeV)
due to insufficient

νe ↔ νe & e−e+ ↔ νν̄

Tν ' (4/11)1/3Tγ
after e−e+ annihilation

Tν,0 = 1.945 K '
1.676 × 10−4 eV

〈Eν〉 ' 3.1Tν,0 '
5 × 10−4 eV

n0 = nν,0 = nν̄,0 '
56 cm−3 per family

∃ at least 2 mass eigenstates with
mi & 8 meV

(
=
√

∆m2
sol

)
> 〈Eν〉

many relic neutrinos are
non-relativistic today!
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CνB: Dirac vs Majorana
Dirac neutrinos Majorana neutrinos

active:
νL, n(νL) = n0
ν̄R , n(ν̄R) = n0

sterile:
νR , n(νR) ' 0
ν̄L, n(ν̄L) ' 0

active:
νL, n(νL) = n0
νR , n(νR) = n0

sterile:
NL, n(NL) = 0
NR , n(NR) = 0

total: nCνB ' 6n0 total: nCνB ' 6n0

NOTE: free-streaming conserves helicity, not chirality!
because neutrinos are massive and become non-relativistic during expansion

n(νhL) = n0
n(ν̄hR ) = n0

n(νhR ) ' 0
n(ν̄hL) ' 0

n(νhL) = n0
n(νhR ) = n0

n(NhL) = 0
n(NhR ) = 0

only left-helical! both left and right-helical

if not completely free-streaming, helicities can be flipped
⇒ mix of helicities: n(νhL) =

n(ν̄hR ) = n(νhR ) = n(ν̄hL) = n0/2
no change for Majorana
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Relic neutrinos in cosmology: Neff

Radiation energy density ρr in the early Universe:

ρr =
[
1 + 7

8

( 4
11

)4/3
Neff

]
ργ = [1 + 0.2271Neff ] ργ

ργ photon energy density, 7/8 is for fermions, (4/11)4/3 due to photon reheating after neutrino decoupling

Neff → all the radiation contribution not given by photons
Neff ' 1 correspond to a single family of active neutrino, in equilibrium
in the early Universe
Active neutrinos:
Neff = 3.046 [Mangano et al., 2005] (damping factors approximations) ∼
Neff = 3.045 [de Salas et al., 2016] (full collision terms)
due to not instantaneous decoupling for the neutrinos
+ Non Standard Interactions: 3.040 < Neff < 3.059 [de Salas et al., 2016]

Observations: Neff ' 3.04± 0.2 [Planck 2015]
Indirect probe of cosmic neutrino background!
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Direct detection of CνB neutrinos
At least two CνB neutrinos over three are non-relativistic now!

How to detect non-
relativistic neutrinos?

a process without energy
threshold is necessary

[Weinberg, 1962]: neutrino capture in β–decaying nuclei ν + n→ p + e−

signal is a peak at 2mν

above β–decay endpoint

only with a lot of material

need a very good energy resolution
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Β-
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endpointH
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end L
CΝB

Sterile Ν

Good candidate: tritium

(low Q−value) (good availability of 3H) (high cross section of
ν +3 H →3 He + e−)++
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PTOLEMY
Princeton Tritium Observatory for Light, Early-
universe, Massive-neutrino Yield (PTOLEMY)

expected resolution ∆ ' 0.1 eV built only for CνB

MT = 100 g atomic tritium
can probe mν ' 1.4∆ ' 0.14 eV

(must distinguish CνB
events from β-decay ones)

ΓCνB =
3∑

i=1
|Uei |2[ni (νhR ) + ni (νhL)]NT σ̄

NT number of 3H nuclei in a sample of mass MT σ̄ =' 3.834 × 10−45 cm2 ni number density of neutrino i

(without clustering)Dirac: Majorana:
ΓD
CνB =

3∑
i=1

|Uei |2
[
2
(n0

2

)]
NT σ̄ ' 4 yr−1 ΓM

CνB =
3∑

i=1

|Uei |2 [2 (n0)] NT σ̄ ' 8 yr−1

ΓM
CνB = 2ΓD

CνB
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(must distinguish CνB
events from β-decay ones)
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|Uei |2[ni (νhR ) + ni (νhL)]NT σ̄

NT number of 3H nuclei in a sample of mass MT σ̄ =' 3.834 × 10−45 cm2 ni number density of neutrino i

(without clustering)Dirac: Majorana:
ΓD
CνB =

3∑
i=1

|Uei |2
[
2
(n0

2

)]
NT σ̄ ' 4 yr−1 ΓM

CνB =
3∑

i=1

|Uei |2 [2 (n0)] NT σ̄ ' 8 yr−1

ΓM
CνB = 2ΓD

CνB

ehnancement from
ν clustering in the galaxy?
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ν clustering with N-one-body simulations
Milky Way (MW) matter attracts neutrinos!

ΓCνB =
3∑

i=1
|Uei |2 fc(mi ) [ni,0(νhR ) + ni,0(νhL )]NT σ̄clustering

fc(mi ) clustering factor How to compute it?

Idea from [Ringwald & Wong, 2004] N-one-body= N × single ν simulations

→ each ν evolved from initial conditions at z = 3
→ spherical symmetry, coordinates (r , θ, pr , l)
→ need ρmatter(z) = ρDM(z) + ρbaryon(z)

Assumptions:

νs are independent
only gravitational interactions
νs do not influence matter evolution
(ρν � ρDM)

how many νs is “N”?

→ must sample all possible r , pr , l
→ must include all possible νs that reach the MW

(fastest ones may come from
several (up to O(100)) Mpc!)given N ν:

→ weigh each neutrinos
→ reconstruct final density profile with kernel method from [Merritt&Tremblay, 1994]
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Dark matter: profiles today
NFW profile:

NNFW

(
r
rs

)−γ (
1 + r

rs

)−3+γ
=

NNFW = 23−γρNFW(rs)

NNFW, rs , γ
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= NEin exp
{
− 2
α
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NEin = ρEin(rs)

NEin, rs , α
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Best-fit profiles optimistic: close to 2σ upper limits
fit of data points from [Pato & Iocco, 2015]
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DM: Time evolution of the profiles
profile evolution from universe expansion

ρcr(z) = 3
8πGH2(z)

Fcr(z) = Ωm,0(1 + z)3 + ΩΛ,0

H2(z) = H2
0 Fcr(z)

ρcr(z) = Fcr(z) × ρcr(z = 0)

Mvir = 4π
3 ∆vir(z)ρcr(z)a3r3vir(z)

(constant in time)

virial radious rvir
radius of sphere containing Mvir,
average density ∆vir(z) × ρcr(z)

rvir(Mvir, z) =(
3Mvir

4πρcr,0 Ωm,0

)1/3 ( Ωm(z)
∆vir(z)Fcr(z)

)1/3but ρDM = ρDM(r ; rs ,N , [γ|α])

relation between rs and rvir?

from N-body [Dutton et al., 2014]

∆vir(z) =
{
200 for EIN,
18π2 + 82λ(z)− 39λ(z)2 for NFW.

λ(z) = Ωm(z)− 1

ρDM(r , z) = N(z) ρ̃DM(r , rs(z))final expression =⇒ ρ̃DM depends on redshift
only through rs

a = 1/(1 + z), h = H0/(100 Km s−1 Mpc−1) – h = 0.6727, Ωm,0 = 0.3156, ΩΛ,0 = 0.6844 [Planck Collaboration, 2015]
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Baryons: the complexity of a structure
Complex problem: how to model baryon content of a galaxy?

e.g. [Pato et al., 2015]:
70 different baryonic models 5 for the disc

7 models for the bulge

2 for the gas
×

×

[Misiriotis et al., 2006]:
5 independent
components

stars

warm dust
cold dust

molecular H gas
atomic H gas

our case: [Misiriotis et al., 2006], spherically symmetrized
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Baryons: redshift evolution

S. Gariazzo “Neutrino clustering in the Milky Way” WIN2017 - 20/6/17 10/14

baryon evolution with redshift? from [Marinacci et al., 2013]

Nbar(z) from M(z)

mean of 8 simulations

results of full N-body simulations
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Overdensity when mheaviest ' 60 meV
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masses ordering matter halo overdensity fc ΓD
tot (yr−1) ΓM

tot (yr−1)f1 ' f2 f3
any any any no clustering 4.06 8.12

m3 = 60 meV NO

NFW(+bar)

∼1

1.15 (1.18) 4.07 (4.08) 8.15 (8.15)
NFW optimistic 1.21 4.08 8.16

EIN(+bar) 1.09 (1.12) 4.07 (4.07) 8.14 (8.14)
EIN optimistic 1.18 4.08 8.15

m1 ' m2 = 60 meV IO

NFW(+bar) 1.15 (1.18)

∼1

4.66 (4.78) 9.31 (9.55)
NFW optimistic 1.21 4.89 9.77

EIN(+bar) 1.09 (1.12) 4.42 (4.54) 8.84 (9.07)
EIN optimistic 1.18 4.78 9.55

ordering dependence from ΓCνB =
∑3

i=1 |Uei |2 fi [ni (νhR )+ni (νhL)]NT σ̄
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Energy resolution and event rate
Hierarchical:
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Energy resolution and event rate
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PTOLEMY cannot detect mν . 0.15 eV!



Overdensity when mν ' 150 meV
=⇒ minimal mass detectable by PTOLEMY if ∆ ' 100–150 meV
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matter halo overdensity fc ΓD
tot (yr−1) ΓM

tot (yr−1)f1 ' f2 ' f3
any no clustering 4.06 8.12

NFW(+bar) 2.18 (2.44) 8.8 (9.9) 17.7 (19.8)
NFW optimistic 2.88 11.7 23.4

EIN(+bar) 1.68 (1.87) 6.8 (7.6) 13.6 (15.1)
EIN optimistic 2.43 9.9 19.7

no ordering dependence: m1 ' m2 ' m3 =⇒ f1 ' f2 ' f3
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Conclusions
Cosmic Neutrino Background (CνB) predicted but not detected:

only Neff ' 3.04 as indirect probe
must detect scattering of non-relativistic neutrinos!

massive ν can cluster in the local matter distribution
N-one-body method: follow N single neutrinos in the Milky Way
requires knowledge of matter (DM, baryons) profiles and their evolution

to detect relic neutrinos:
process without threshold required
→ ν capture on β-decaying nuclei
→ PTOLEMY proposal with 100g of tritium

very good energy resolution ∆ is necessary to probe mν & 1.4∆
for non-minimal ν masses, PTOLEMY can:

detect relic neutrinos (for the first time X)
study non-relativistic neutrinos (for the first time X)
probe the neutrino clustering (for the first time X)

constrain the matter profile of our galaxy
measure the absolute neutrino masses (for the first time ?)
test Dirac/Majorana nature (for the first time ?)

and also detect relic sterile neutrinos (if any ?)
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Equations for the neutrino clustering
Lagrangian for a neutrino (mν) in a gravitational potential well φ(x, τ):

L
(
r , θ, ṙ , θ̇, τ

)
= a

2mν

(
ṙ2 + r2θ̇2 − 2φ(r , τ)

)
Hamiltonian: H (r , θ, pr , l , τ) = 1

2amν

(
p2r + l2

r2

)
+ amνφ(r , τ)

Canonical momenta: pr = ∂L
∂ ṙ = amν ṙ , l = rpθ = ∂L

∂θ̇
= amνr2θ̇

Hamilton equations:

∂H
∂pr

= dr
dτ = pr

amν

∂H
∂l = dθ

dτ = l
amνr2

−∂H
∂r = dpr

dτ = l2
amνr3

− amν
∂φ

∂r − ∂H
∂θ

= dl
dτ = 0

Gravitational potential: φ(r , τ)
Known from the Poisson equation ∇2φ = 1

r2
∂
∂r

(
r2 ∂φ∂r

)
= 4πGa2ρmatter (r , τ)

∂φ
∂r = G

ar2Mmatter(r , τ), Mmatter(r , τ) = 4πa3
∫ r
0 ρmatter(r ′, τ)r ′2dr ′
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Reconstruction of n(r) from N-one-body neutrinos
sample neutrino i starts in (r , pr , pT )

each ν is representative of a bin between (ra, pr ,a, pT ,a) and (rb, pr ,b, pT ,b)

weight of the neutrino i : wi =
∫ (r ,pr ,pT )b

(r ,pr ,pT )a

∫
θ,φ,ϕ

dN =

wi = 8π2T 3
ν,0

∫ rb

ra
r2dr

∫ yb

ya
f (y)y2dy

∫ ψb

ψa
sinψdψ

y = p/Tν,0

f (y) Fermi-Dirac

How to reconstruct the number density?

νi smeared around the surface of a sphere with radious ri centered in r = 0,

gaussian kernel: K (r , ri , h) = 1
2(2π)3/2

h2
r ·ri

[
e−(r−ri )2/2h2 − e−(r+ri )2/2h2

]

n(r) =
N∑

i=1

wi
h3 K (r , rr , h) h window width
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Additional clustering due to other galaxies
nearest galaxies: various MW satellites

with Msat � MMW negligibly small ν halo

nearest big galaxy:

Andromeda
MAndromeda = MMW ×O(1) — dAndromeda ' 800 kpc
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NFW(optimistic)
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f c
=
n
/n
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EIN+baryons

EIN(optimistic)

baryons only

mheaviest ' 60 meV

fc increased of . 0.03

(halo is less diffuse for higher ν masses)
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Additional clustering due to Virgo cluster
nearest galaxy cluster:

Virgo cluster very wide ν halo, may reach Earth

MVirgo = MMW ×O(103) — dVirgo ' 16 Mpc

100

101

102

103

101 102 103 104

 ρ ν
 / 

– ρ ν

 
r [kpc]

0.30 eV

NFW 0.30 eV

0.15 eV

0.05 eV

we are here!

same
amplitude of
MW halo?

[Villaescusa-Navarro et al., JCAP 1106 (2011) 027]
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Short Baseline (SBL) anomaly
Problem: anomalies in SBL experiments ⇒

{
errors in flux calculations?
deviations from 3-ν description?

A short review:
LSND search for ν̄µ → ν̄e , with L/E = 0.4÷ 1.5 m/MeV. Observed a 3.8σ

excess of ν̄e events [Aguilar et al., 2001]

Reactor re-evaluation of the expected anti-neutrino flux ⇒ disappearance of
ν̄e events compared to predictions (∼ 3σ) with L < 100 m
[Azabajan et al, 2012]

Gallium calibration of GALLEX and SAGE Gallium solar neutrino experiments
give a 2.7σ anomaly (disappearance of νe) [Giunti, Laveder, 2011]

MiniBooNE (inconclusive) search for νµ → νe and ν̄µ → ν̄e , with L/E = 0.2÷ 2.6
m/MeV. No νe excess detected, but ν̄e excess observed at 2.8σ
[MiniBooNE Collaboration, 2013]

Possible explanation:
Additional squared mass difference

∆m2
SBL ' 1 eV2
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[SG et al., JPG 43 (2016) 033001]

See also
[SG et al., 2017]



3+1 Neutrino Model
new ∆m2

SBL ⇒ 4 neutrinos!

ν4 with m4 ' 1 eV,
no weak interactions

light sterile neutrino (LSν)

3 (active) + 1 (sterile) mixing:

να =
3+1∑
k=1

Uαkνk (α = e, µ, τ, s)

νs is mainly ν4:
ms ' m4 '

√
∆m2

41 '
√

∆m2
SBL

assuming m4 � mi (i = 1, 2, 3)

can ν4 thermalize in the early
Universe through oscillations?

sin
2
2ϑeµ

∆
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4
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App
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[SG et al., arxiv:1703.00860]



LSν thermalization
Using SBL best-fit parameters for the LSν (∆m2

41, θs):
[Hannestad et al., JCAP 1207 (2012) 025] [Archidiacono, SG et al., JCAP 08 (2016) 067]

but cosmological fits give:

0.0 0.8 1.6 2.4 3.2 4.0

ms [eV]

0.0

0.2
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0.6

0.8

1.0

∆
N

ef
f

ΛCDM+Neff+ms : TT
ΛCDM+Neff+ms : TT+HST
ΛCDM+Neff+ms : TT+HST+BAO
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67.2

68.0

68.8

69.6

70.4

71.2

72.0

H
0

[k
m
/s/M

p
c]

(colors coding ∆Neff) ∆Neff = 1 disfavoured!

∆Neff should be ' 1, but it is disfavoured! (new physics?)

[to be precise: ∆Neff is slightly smaller at CMB decoupling, when the LSν starts to be non-relativistic]
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Assumptions and useful equations
We assume possible

incomplete thermalization
(due to some

unknown new physics)

f4(p) = ∆Neff
ep/Tν + 1

= ∆Neff factive(p)

∆Neff =
[
1
π2
∫
dp p3f4(p)

]
/
[
7
8
π2

15Tν
4
]

n̄4 = g4
(2π)3

∫
f4(p) p2 dp = n0 ∆Neff

n4 = n0 fc(m4) ∆Neff

(fc(m4) is independent of ∆Neff)

ΓM(D)
4 ' ∆Neff |Ue4|2 fc(m4) ΓM(D)

CνB

(from global fit [SG et al., 2017]: m4 ' 1.3 eV, |Ue4|2 ' 0.02)
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[arxiv:170(6|7).[0-9]{5}]



Overdensity of a sterile neutrino
ΓM(D)
4 ' ∆Neff |Ue4|2 fc(m4) ΓM(D)

CνB m4 ' 1.3 eV, |Ue4|2 ' 0.02

101 102 103 104

r [kpc]
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f c
=
n
/n
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r [kpc]
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100
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f c
=
n
/n

0
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EIN(optimistic)

baryons only

matter halo overdensity f4 ∆Neff ΓD
tot (yr−1) ΓM

tot (yr−1)

NFW(+bar) 159.9 (187.3) 0.2 2.6 (3.0) 5.2 (6.1)
1.0 13.0 (15.2) 26.0 (30.4)

NFW optimistic 208.6 0.2 3.4 6.8
1.0 16.9 33.9

EIN(+bar) 105.1 (139.5) 0.2 1.7 (2.3) 3.4 (4.5)
1.0 8.5 (11.3) 17.1 (22.7)

EIN optimistic 203.5 0.2 3.3 6.6
1.0 16.5 33.0
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